Introduction
Methylmercury (MeHg) is well known as a developmental neurotoxicant (Newland et al., 2006a (Newland et al., , 2008 Rice, 1996; Trasande et al., 2005) , but the consequences of long-term, chronic exposure have received much less attention, especially as it relates to the process of aging. The tragic episodes at Minamata and Niigata, Japan (Harada, 1995) and in Iraq (Bakir et al., 1973 (Bakir et al., , 1980 exemplify the effects of high exposures in adults and, in Minamata victims, the aging nervous system. Individuals exposed as adults displayed signs of parethesia, ataxia, auditory and visual dysfunction, dysarthria and, in some cases (Amin-zaki et al., 1978; Fukuda et al., 1999) , weakness. As the Minamata population aged, it became evident that many of these effects were highly persistent (Ninomiya et al., 2005; Takaoka et al., 2004) . Adult victims began to show age-related deficits in activities of daily living at approximately 50 years of age (Kinjo et al., 1993 ) that were as severe as those observed in much older, unexposed individuals from nearby villages.
While incidents of acute and high level MeHg exposure are striking, they rarely occur. Chronic exposure to low levels of MeHg is more common and represents an important but poorly understood environmental threat to human health. Such exposures do not result in the overt signs seen at high doses but careful neuropsychological testing provides evidence of subclinical sensory deficits, impaired manual dexterity, and perhaps motor weakness and fatigue (Beuter et al., 1999; Dolbec et al., 2000; Lebel et al., 1998) .
Adult-onset MeHg neurotoxicity is notable for the latent period between exposure and the appearance of neurological signs, a period that can span weeks to months (Bakir et al., 1973; Weiss et al., 2002) , or even years (Kinjo et al., 1993) . Sensorimotor and related neurological deficits, including paralysis, hindlimb crossing, and unsteady gait, can be induced in adult rodents (Day et al., 2005; Sakamoto et al., 1998; Shigematsu et al., 2000a,b) . In animal models, as in humans, the effects show a latent period, and can be highly persistent after both high (Sakamoto et al., 1998 ) and more moderate (Day et al., 2005) exposure levels.
Postmortem examination of victims of high level, acute MeHg exposure showed varying degrees of neuronal loss, especially in sensory regions of the cortex, cerebellar granular cells, and the primary motor cortex (Castoldi et al., 2003) as well as peripheral nerves (Eto et al., 2002) , a pattern also observed in rodent models (Sakamoto et al., 1998) . These clinical observations and animal studies suggest that peripheral nerves are especially vulnerable. Short-term exposure to 5 mg/kg/day of MeHg (s.c.) for 25 days produced no detectable histopathology in cerebellum or visual cortex, a reversible decrease of local cerebral glucose utilization, the sparing of motor fibers, but permanent axonal degeneration in myelinated sensory peripheral nerve fibers (Shigematsu et al., 2000a,b) . Motor nerves are not invulnerable, however, as muscle atrophy was observed in 21% of Minamata victims (Uchino et al., 1995) , with short-term, high dose exposure correlated with extensive motor fiber damage (Su et al., 1998) . Together, these findings indicate a particular vulnerability of peripheral sensory systems, and perhaps motor systems, to adult-onset exposures.
Methylmercury (MeHg) exposure occurs primarily through the consumption of fish, also a source of nutrients like selenium (Se), a micronutrient that is required for the activity of many antioxidant enzymes that perform vital functions in brain and endocrine tissues (Burk, 2002; Burk and Laevander, 1999) . Se forms a covalent bond with mercury (Hg) with an affinity much higher than that of sulfur (Ralston et al., 2008; Sugiura et al., 1978) . Oral Se administration substantially elevates the deposition of mercury in dorsal root ganglia (Schionning, 2000; Schionning et al., 1997) and increases brain Hg content (Newland et al., 2006b) . Somewhat paradoxically, Se also protects against some neurological consequences of Hg exposure (Ralston et al., 2008; Schionning, 2000; Schionning et al., 1997) . This protection could arise because the Hg-Se bond sequesters Hg, thus making it biologically inactive. It has also been suggested that decreases in bioavailable Se due to the tight Hg-Se bond may contribute to the neurological signs observed following MeHg exposure. Theoretically, then, Se supplementation could replace Se that was inactivated due to Hg binding (Ralston et al., 2008) . While this might imply that high levels of Se would be protective, the long-term effects of coadministration of MeHg and Se are unknown and the elevated Hg deposition associated with co-exposures raises a concern.
To address these issues, the present study uses a rat model of combined oral exposures to MeHg and Se over a period of over 16 months, a regimen that models human exposures. A 2 (diet) Â 4 (MeHg) full factorial design permitted the detection of not only the long-term effects of MeHg-Se co-exposure but also the longterm benefits of dietary Se on natural aging. Methylmercury levels were selected to span a broad range of exposures and Se levels used were on the low and high end of nutritional recommendations for laboratory rats (National Research Council, 1995; Reeves et al., 1993) . Behavioral measures of sensory-motor damage were combined with nerve pathology, skin biopsies to examine the status of somatosensory end organs, and pharmacological deadening of peripheral fibers using lidocaine, to gain a comprehensive picture of the interplay among aging, MeHg exposure, and dietary Se.
Methods

Subjects
One hundred and thirty-two female Long-Evans rats, approximately 60 days of age, were purchased from Harlan Laboratories (Indianapolis, IN). Subjects were housed in polycarbonate shoebox-cages (2 animals per cage) with open wire tops and hardwood chips (Harlan Teklad Sani Chips) bedding. A Flexanß diagonal barrier separated cage mates, who were always in the same experimental group. This separation ensured that all animals received their correct allotment of food and water. The colony was maintained on a 12-h light-dark cycle (lights on at 6:00 a.m.) in a temperature and humidity controlled, AAALAC accredited facility. Each subject was implanted subcutaneously with an electronic chip (BioMedic Data Systems Inc., Seaford, DE) containing a unique identification number. Animals were quarantined before entering the colony. Seven days after entering the colony, subjects were assigned to diet groups and fed ad libitum until body weight reached approximately 240-250 g at which time food was restricted to maintain this weight. When subjects reached approximately 12 months of age, their body weights were increased to 250-260 g. Weight was maintained by recording the weight of the animals twice per week and adjusting their feed accordingly. The animals were maintained at this level in order to ensure their health and not subject them to conditions of obesity by allowing unrestrictive feeding. Two Se diets and four MeHg exposures produced a 2 (diet) Â 4 (MeHg) full factorial design. There were 16-17 animals in each of the eight experimental groups. Animals were approximately 20.5 months old at the end of the study.
Diet and MeHg exposure
Diets (Research Diets, New Brunswick, NJ) were based on the AIN 93 semi-purified formulation, and were adjusted for Se content to conform to the concentrations reported below. Seven days after entering the colony, subjects were randomly assigned to one of two isocaloric diet groups. The ''Low'' and ''High'' Se diets contained 0.06 and 0.6 ppm (nominally), respectively. These were the same casein-based semi-purified diets used in an earlier study (Newland et al., 2006a) in which Se concentration ranged from 0.05 to 0.1 ppm in the Low Se diet, and from 0.6 to 0.9 ppm in the High Se diet. Se intake was estimated to be 2.4 and 24.0 mg/kg/day (0.03 and 0.3 mmol/kg/day) for the Low and High diets, respectively (Table 1) . Hg in the purified diet is below the level of detection of 50 ppb.
MeHg exposure to 0, 0.5, 5, or 15 ppm of Hg as methylmercuric chloride in drinking water began 108 days after arrival in the colony and 100 days after the onset of diet exposure. The first three concentrations (0, 0.5, 5.0 ppm of Hg as MeHg) have previously been reported as concentrations that produce approximately 0, 40, and 400 mg/kg/day of Hg intake (Newland and Reile, 1999) , and the 15 ppm of Hg group likely consumed approximately 1200 mg/kg/ day based on the consumption of the other groups. Subjects from each diet group were randomly assigned to one of the four MeHg groups. Mercury to Se (Hg:Se) ratios, for subjects that were exposed to MeHg in their drinking water, ranged 300-fold, from 0.63 to 187 (Table 1) .
Overnight running
Eight running wheels, 35.5 cm in diameter and 14 cm wide with wire mesh floors, were used for testing. A 21.6 cm Â 11.4 cm Â 11.4 cm chamber containing a water bowl was always accessible. Subjects were divided into groups of eight, counterbalanced across experimental groups, and randomly assigned to a running wheel approximately 2-3 h after receiving their daily food ration. All wheels performed similarly. Sessions began between 3:00 and 4:00 p.m. and continued for 16.5 h, 12 of which were during the dark cycle. The pre-MeHg exposure baseline test commenced 56 days before MeHg administration began. The second test sessions commenced 28 days after MeHg administration began, and then occurred approximately every 2 months for 16 months. A total of six tests were conducted. At each time point, 132 rats were tested over the course of 17 days.
Forelimb grip strength
A 7.7 cm deep by 11.4 cm grid (0.33 cm diameter wire, forming 1.9 cm squares) was attached to a force gauge (Imada, Northbrook, IL) that was clamped to a table. The grid projected down at approximately 458 when attached. A rat was held by the tail and torso, allowed to grip the top bar of the grid with its forelimbs, and was then pulled away in a rapid horizontal motion. The tester was blind to treatment. The mean peak grip of three trials was used for analysis. The same experimenter performed all trials for all test sessions. The first baseline session was conducted 28 days before MeHg administration began. Thereafter, testing was conducted approximately every 10 weeks for 16 months for a total of seven sessions.
Tail-pressure sensitivity
The same Imada digital force gauge was assembled with a 908 chisel point attachment. The rat was wrapped gently in a towel to occlude its vision and restrict motion, and placed on a flat surface with its tail exposed. While holding the subject gently but firmly, the chisel point was applied vertically to the subjects' tail approximately 5 cm from the tip, with pressure increasing over a period of approximately 1 s. The force gauge was removed when the subject flinched, flicked its tail, or squeaked. If the rat did not react then a force of 2 kg (the gauge's maximum) was recorded. The mean of three readings was used for analysis. The tester was blind to treatment. Testing followed the same timeline as the forelimb grip test for a total of 7 sessions.
Flexion and hindlimb cross (HLC)
Observations were conducted periodically after exposure began and then weekly starting 56 days after MeHg administration. The tester, blind to treatment held the subject perpendicular to the floor by the base of its tail for approximately 3 s. Two categories were used for flexion: ''normal'' if the hindlimb digits were splayed with toes pointed away from the body, and ''flexion'' if all five hindlimb digits of either or both feet curved inward, as in the form of a clenched fist. Hindlimb cross was scored as: ''normal'' if both hind limbs were splayed outward, ''partial cross'' if the hindlimbs were adducted toward the midline without crossing it or if only one limb crossed the midline, and ''full cross'' if both hindlimbs crossed the midline. Flexion and HLC were assessed at the same time.
Lidocaine challenge
In a separate group of six rats, peripheral fibers in the hind legs and tail were temporarily numbed to determine which signs of MeHg toxicity could be reproduced by reduced activity of peripheral fibers. A 0.2 ml volume of a 1% (10 mg/ml) lidocaine hydrochloride solution was injected between the greater trochanter and the ischial tuberosity, with the bevel of the 25 gauge needle turned toward the femoral head (Nakamura et al., 2003) . Once the needle encountered the body of the ischium, the lidocaine was injected over a period of 3 s. Injections were bilateral. Then, to numb the tail, a 0.1 ml volume of the 1% lidocaine solution was injected at the base of the rat's tail at the 2 and 10 o'clock positions. Efficacy of the injection was verified by the absence of a toe-or tailpinch reflex. An additional six animals received a saline (vehicle) injection at the same sites.
Tests for each rat were performed prior to injections and again 10 min after the last injection. Hindlimb cross, flexion, and tailpressure sensitivity were tested as described above. Proprioceptive performance was assessed based on several tests. In one, the rat was wrapped gently in a towel and the dorsal surface of a back paw was positioned on a table surface. Rats without sciatic nerve block will reposition their feet immediately so that the plantar surface touches the table (Nakamura et al., 2003) . All adjustments occurred within 1 s, although the rat was always given 10 s to respond. Nociception was evaluated with skin (lateral metatarsus) and deep bone (fifth toe) pinch, using forceps tips.
Pathology
Skin biopsies were taken from the left paw using a dermal biopsy punch that was 2 mm in diameter (Miltex Instrument Inc., York, PA) when subjects were approximately 380 days old, following 9.5 and 6.8 months of exposure to Se and MeHg, respectively. Subjects were anesthetized with a ketamine/xylazine solution (75 mg/kg ketamine and 5 mg/kg xylazine). The skin surface was sterilized with chlorhexidine. The dermal punch was pushed perpendicular to the surface of the skin and rotated in a clockwise direction. The wound was sealed with tissue adhesive. Samples were fixed in 4% paraformaldehyde over night and sent to one of the authors (JL), who was blind to treatments. Skin biopsies were embedded into optimal cutting temperature (OCT) medium after the fixation and sectioned into 40 mm thickness vertically in a cryostat. Sections were then stained with antibodies against PGP9.5 (protein gene product-9.5, a protein specifically expressed on axonal membranes), to label epidermal nerve fibers as described before (Li et al., 2005) . Quantification of epidermal nerve fiber density was made under fluorescence microscopy (Holland et al., 1997; Kennedy et al., 1999) . Sample sizes for the Low Se diet were 8 and 10 from the 0 and 5 ppm MeHg groups, respectively. For the High Se diet, sample sizes were 9, 7, and 5 from the 0, 5, and 15 ppm MeHg groups, respectively. There were no samples from the Low Se/15 ppm Hg group due to high mortality from MeHg toxicity. At the end of the study, six rats on the Low Se diet were perfused transcardially with 4% paraformaldehyde. Cases selected included two controls with no neurological signs, two exposed with no neurological signs, one exposed with hindlimb cross but no flexion, and one exposed with both hindlimb cross and flexion. All exposed cases were in the Low Se/5 ppm Hg group. The exposed animals showed elevation of pressure thresholds in the tail sensitivity test. Dorsal/ventral roots and sciatic nerves were dissected and fixed in 4% paraformaldehyde + 3.5% glutaraldehyde fixative over night.
Nerves were then embedded into Epon and sectioned into 1 mm thickness. Sections were stained with Toluidine blue and examined under light microscopy (Zhang et al., 2008) .
Criteria for euthanasia
All animals were physically examined at least twice weekly, and usually more frequently. An animal was euthanized if there was rapid weight loss, failure to eat, inability to reach food or water, or failure to explore or locomote when placed on an open surface.
Data analysis
Stratified Kaplan-Meier estimates followed by a log-rank test were conducted for the dichotomous measures of mortality, flexion, and HLC. The independent variables were age (in weeks) for mortality and exposure duration for flexion and HLC. For flexion and HLC, a subject was right censored if it died before the sign was first detected. Right censoring is required in survival analysis to indicate the subject was not in the experiment long enough to experience the measured variable, i.e., they did not exhibit flexion or HLC before they died.
Running, grip strength, and tail-pressure sensitivity were normalized for each animal by dividing the value seen at each age by the baseline value taken before exposure began. Normalized values were analyzed with repeated measures ANOVAs, with time of testing as the repeated measure and experimental group as a between-subjects factor. Because of the high early mortality rate in the 15.0 ppm MeHg group, data were analyzed twice. First, a 4 (MeHg) Â 2 (Se) Â T (=3 or 4 sessions) factorial design was used for running, grip strength, and tail-pressure sensitivity. Data were then re-analyzed without the 15.0 ppm MeHg group, but with all testing sessions (6 running wheel, 7 forelimb grip strength and 7 tail-pressure sensitivity) included. A log transform was used for forelimb grip and tail-pressure sensitivity to stabilize variability across groups. The following effects were tested: (1) a main effect of exposure duration evaluating age-related differences; (2) a MeHg Â time interaction, to evaluate the effects of MeHg over timel; (3) a Se Â time interaction to evaluate the effects of dietary Se over time, and; (4) a MeHg Â Se Â time interaction, to evaluate protection by dietary Se of MeHg's chronic neurotoxicity. Only the results of repeated measures analyses (main effects of duration and interactions of duration with exposure) are emphasized and pvalues >0.1 are not reported. Significant individual comparisons against pre-exposure sessions are summarized in Table 2 in the results rather than as symbols in the figures.
The independence of these measures was determined by examining their correlations among controls of approximately the same age. A correlation of zero would imply that two measures are unrelated to each other. The extent to which performance 
n/a n/a n/a n/a High 0.0 ppm - decrements tended to cluster was evaluated by examining the correlations among these measures in animals exposed to 5 ppm of Hg. The 15 ppm Hg exposed groups were not included in these correlational analyses because the onset of signs occurred so rapidly in this group.
Results
Mortality
Of the original 132 subjects, 84 survived to the end of the experiment. Twelve died of various causes unrelated to MeHg exposure (hairballs, sedative overdose during a procedure, or no determinable cause) distributed evenly across exposure groups as follows. For those on the Low Se diet there were 2, 0, 4, and 0 deaths in the 0, 0.5, 5, and 15 ppm MeHg groups, respectively. For those on the High Se diet there were 2, 1, 3, and 0 such deaths in the 0, 0.5, 5, and 15 ppm MeHg groups, respectively.
Thirty-six subjects were euthanized because of advanced MeHg neurotoxicity, including all 34 of the 15.0 ppm MeHg animals and 2 from the Low Se/5.0 ppm MeHg group.
The 15.0 ppm MeHg subjects had lower survival rates than the other MeHg exposure groups (log-rank test x 2 ð3; 129Þ = 195, p < .001) and all deaths were due to MeHg-related euthanasia. Of this group, subjects maintained on the High Se diet survived longer than subjects maintained on the Low Se diet (x 2 ð1; 34Þ = 19.5, p < .001). Further analysis indicated that the High Se/5.0 ppm MeHg group survived significantly longer than the Low Se/5 ppm Hg group (x 2 ð1; 33Þ = 3.91, p = .048). Mean survival times for the Low Se/ 15 ppm Hg, High Se/15 ppm Hg and Low Se/5 ppm Hg exposure groups were 36.6, 52.0, and 89.1 weeks, respectively. The average distance run during baseline was 1.93 km, and this was similar for all exposure groups. At the end of the experiment, subjects in the High Se group more than doubled the distance run to approximately 4 km, while in the Low Se/0 MeHg group, only a 30% increase was seen ( Fig. 2 ; p < 0.05 for difference between the 0 MeHg groups, other p-values in Table 2 ). The Se Â exposureduration interaction was significant (F (5, 405) = 4.2, p = .001).
Flexion and HLC: effects of MeHg and amelioration by Se
Repeated measures analysis of all groups over the first three sessions (all animals) and all sessions (excluding the 15.0 ppm MeHg group from analysis) revealed a main effect of exposure duration (F (2, 228) = 17.0, p < 0.001 for sessions 1-3; F (5, 405) = 19.2, p < .001 for all sessions), and an interaction between exposure duration and MeHg (F (6, 228) = 16.7, p < .001 for sessions 1-3; F (10, 405) = 3.25, p < 0.001 for all sessions). These data suggest that increases in running observed in control animals were prevented by MeHg exposure for both diet groups.
Forelimb grip was diminished by MeHg, with amelioration by Se
Average forelimb grip strength during baseline sessions was 377 g, and did not differ across exposure groups. For controls, forelimb grip strength declined by approximately 20% with age (individual p-values in Table 2 ). Fig. 3 (top) shows forelimb grip strength as a percent of the baseline session. Data from the first three sessions (all animals) and from all sessions (excluding the 15.0 ppm MeHg group) were analyzed separately due to attrition in the high MeHg group. Data were log-transformed prior to statistical analyses. Repeated measures ANOVA revealed a main effect of exposure duration (F (2, 226) = 61.1, p < 0.001 for sessions 1-3; F (6, 492) = 34.4, p < .001 for all sessions) and an interaction between exposure duration and MeHg (F (6, 226) = 15.8, p < .001 for sessions 1-3; F (12, 492) = 4.12, p = .001 for all sessions). No interaction between exposure duration and Se was observed for sessions 1-3 (F (2, 226) = .292, p = .747 for sessions 1-3) but a marginal one occurred for all sessions (F (6, 492) = 2.051, p = .058). A three-way interaction was found among exposure duration, MeHg, and Se (F (6, 226) = 3.1, p = .006 for sessions 1-3; F (12, 492) = 3.51, p < 0.001 for all sessions) indicating that MeHg-related declines in grip strength were greater in the animals on the Low Se diet than in those on the High Se diet (p-values in Table 2 ). Post hoc t-tests also revealed a significant effect of diet on grip strength at 23 weeks (F (1, 31) = 4.31, p = .046), 31 weeks (F (1, 31) = 6.68, p = .015), and 41.5 weeks (F (1, 31) = 7.67, p = .009).
3.5. Tail-pressure sensitivity was diminished by MeHg, ameliorated by Se
The average force required to elicit a response in the tailpressure sensitivity test during baseline (pre-exposure) sessions was 450 g. No significant differences were detected between groups, but the threshold for unexposed animals increased by about 50% by the end of the experiment (p-values in Table 2 ). Fig. 3 (bottom) shows tail-pressure sensitivity tests as a percent of the baseline session. Repeated measures analysis of the first 4 sessions, which included the 15 ppm MeHg subjects, revealed a main effect of exposure duration (F (3, 312) = 74.8, p < 0.001), a significant interaction between exposure duration and MeHg (F (9, 312) = 14.3, p < .001), and a significant three-way interaction among exposure duration, MeHg and Se (F (9, 312) = 2.35, p = .014).
Repeated measures analysis of all the sessions (omitting data from the 15.0 ppm MeHg group due to attrition) revealed a main effect of exposure duration (F (6, 462) = 75.5, p < .001), a significant interaction between session and MeHg (F (12, 462) = 4.03, p < .001), and a significant three-way interaction among exposure duration, MeHg exposure levels, and Se diet (F (12, 462) = 2.11, p = .016). Mercury accelerated the age-related decrease in tail sensitivity, especially in the Low Se group.
Independence, and clustering of performance measures
For unexposed animals, correlations across performance tests from both diet groups were indistinguishable from zero (r range 0.015-0.25), suggesting that our measures were independent of one another. For exposed animals, many correlations were significantly different from zero (Table 3 ), indicating that performance deficits clustered together.
Lidocaine challenge
Of the animals receiving lidocaine, none showed full hindlimb cross or flexion and only two out of six showed partial hindlimb cross. The effectiveness of the lidocaine challenge was verified in the effects of somatosensory and pain testing. No animal responded to metatarsus, fifth toe, or tail pinch, and none showed postural adjustment. Further, no subject showed a tail-pressure reflex even at 2 kg of pressure.
Of the six animals receiving vehicle injections, none showed hindlimb cross, flexion, or ataxia. All six responded to metatarsus, tail, and fifth toe pinch and showed immediate postural adjustment. The average pressure to produce a tail-pressure reflex in the six vehicle-exposed animals was 481 g. Table 4 summarizes the pathology observed in sciatic nerves and in dorsal and ventral roots from two controls and four animals exposed to 5 ppm MeHg. Nerve samples from subjects exposed to 15 ppm MeHg were not available. A loss of myelinated nerve fibers was conspicuous in all available sciatic nerves of the 5 ppm MeHg group rats, but fibers were normal in an age-and diet-matched control rat (Fig. 4A and B) . This pathological change in 5 ppm MeHg sciatic nerves appeared diffuse, and there was a large amount of collagen deposition between nerve fibers.
Peripheral pathology demonstrates axonal degeneration or atrophy in sensory myelinated nerve fibers and motor nerve fibers
In an earlier study, rats exposed chronically to MeHg demonstrated that MeHg-induced neurodegeneration preferentially in large DRG neurons while small neurons were relatively spared (Schionning et al., 1998) . To evaluate this pathological feature in our model, we performed immunohistochemistry on skin biopsies (Fig. 4C) with antibodies against PGP9.5 to label epidermal nerve fibers (Kennedy et al., 1999) . These sensory fibers (c-fibers) represent axonal terminals extended mainly from the small DRG neurons. The average density was 4.1 (SD = 1.1) fibers/ mm. No effect of MeHg (F (1, 29) = 0.38, p = .54), or Se (F (1, 29) = 0.81, p = .38), and no MeHg Â Se interaction (F (1, 29) = 0.06, p = .82), was noted on fiber density in the epidermis in an analysis that included both diets and animals exposed to 0 or 5.0 ppm of MeHg. Including the additional five animals exposed to 15 ppm MeHg did not change the outcome of the analysis substantively. There was no significant difference in fiber density between asymptomatic Axonal degeneration was observed in all available dorsal roots collected from animals exposed to 5 ppm MeHg and maintained on the Low Se diet. Some axons were atrophic with collapsed myelin or were severely swollen with accumulation of intra-axonal materials (Fig. 4D) . No changes of de-or re-myelination, such as denuded axons or onion bulbs, were observed. These findings are consistent with elevated thresholds observed on the tail-pressure tests in these exposed rats.
Ventral roots from four 5 ppm MeHg group rats were also examined. One was normal (Fig. 4E) , while two showed some atrophic axons or an occasional degenerated nerve fiber. One (#1312) had diffuse axonal atrophy with a few degenerated fibers (Fig. 4F) . This rat was the only animal examined that showed the flexion response.
We noticed that there are PGP9.5-positive dendritic cells in the epidermis (inset in Fig. 4C ). Based on previous publications, these cells are likely Langerhans cells (Lin et al., 2001 ). These cells were also manually counted. The average density was 2.5 cells/mm. No effect of MeHg (F (1, 29) = 2.8, p = .11), Se (F (1, 29) = 0.25, p = .624) and no MeHg Â Se interaction (F (1, 29) = 0.39, p = .54) was noted in an analysis that included both diets and animals exposed to 0, or 5.0 ppm of MeHg. Including the animals exposed to 15 ppm MeHg did not change the results substantively.
Discussion
The present study revealed a dose-and time-dependent neurotoxicity of chronic exposure to MeHg using tests of somatosensory function, peripheral motor systems, and running in overnight sessions. The doses used ranged from one that was without effect in any animal to a dose that was high enough to produce deficits in every exposed animal within 35 weeks. The two groups that were not exposed to MeHg also provided novel data on the roles of dietary Se and aging on these measures. Functional deficits were consistent with the pathological findings in peripheral sensory and motor nerves. The duration of the study was 16 months, so very long-term effects of both MeHg and dietary Se exposure could be identified. In addition, MeHg was consumed orally via drinking water throughout the study period. This stands in contrast to exposure regimens that employ routes of administration such as injection and gastric intubation, which deliver MeHg in a pulsatile temporal pattern with high transient exposures. Thus, the present study is relevant to a stable pattern of human dietary MeHg consumption.
Selectivity of the neurological tests
Correlations among the different neurological tests were examined to determine the degree to which these tests provided independent measures of function. For unexposed animals, the inter-test correlations among wheel-running, grip strength, and tail-pressure sensitivity were indistinguishable from zero, suggesting that these measures were indeed independent of one another. For exposed animals, however, the inter-test correlations were much higher, ranging from 0.51 to 0.85; performance on one test accounted for 25 to 70% of the variability on another test. For impaired animals, the correlations between grip strength and tail-pressure sensitivity were the strongest. Since these tests were independent of one another in controls, this could mean that degradation of sensory and motor systems occurred in parallel. Alternatively, it could imply that impairment in one functional domain contributed to poor performance in the others in exposed animals. For example, subtle somatosensory deficits may have caused an early release from the grip strength apparatus. deposition between nerve fibers. (C) A skin biopsy from the paw of a rat exposed to 5 ppm MeHg was sectioned into 40 mm thickness and stained with antibodies against PGP9.5. Nerve fibers (solid arrowheads; green color) were revealed in the epidermis (between white arrowheads) and dermis (long white arrow). Inset: A dendritic cell was detected in the epidermis (arrowhead in inset). Based on its morphological feature (Kennedy et al., 1999) , it is likely a Langerhans cell. (D) A semithin section of dorsal root from a 5 ppm rat shows many atrophic axons. Some axons are swollen (large arrows) or occupied by accumulated materials (small arrows) or obliterated by 'collapsed myelin' (arrowheads). All these findings are consistent with axonal degeneration. (E) A semithin section of a 5 ppm ventral root appears normal and has numerous myelinated nerve fibers. (F) A semithin section of ventral root from rat #1312 shows diffuse atrophic axons. Myelin in some nerve fibers is collapsed (arrowheads), which makes axonal space invisible under light microscopy. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
MeHg exposure produced a cascade of neurobehavioral signs
Both sensory and motor effects of chronic MeHg exposure have been reported in clinical populations (Dolbec et al., 2000; Harada, 1997; Lebel et al., 1998) and the laboratory model described here reproduced these and documented a cascade of signs in the animals exposed to 5 ppm of MeHg. The first signs to appear were flexion in the peripheral digits, weaker forelimb grip, and reduced somatosensory function in the tail. These signs tended to co-occur even though they reflect different underlying pathology (detailed below). Hindlimb cross and changes in running occurred later in exposure. In contrast to the slow progression of signs in the 5 ppm MeHg group, the 15 ppm MeHg dosage was so toxic that all signs tended to appear nearly simultaneously.
Diminished somatosensory function surely reflects pathology in peripheral sensory fibers, which showed the most severe damage at the end of the study. The flexion response likely reflects damage to motor pathways. Of the animals on which we had pathology results from the motor fiber-containing ventral root, the only one that showed flexion was also the one with the most advanced neuropathology.
Distance run increased through the course of the study, which ended when animals were approximately 20-21 months of age This outcome was unexpected in light of previous reports that, in rats, voluntary running decreases with age after about 6-7 months old (Holloszy, 1992; Holloszy and Schechtman, 1991; Judge et al., 2005) . The reasons for the discrepancy cannot be identified with certainty, but the intermittency of the opportunity to run and degree of food restriction may be important. In the present study, running was examined only every 2 months whereas in the other cited studies there was continuous access to the running wheel. Thus, animals in the present study might be ''running-deprived'' and, given the importance of running for rats, this could result in a progressively higher level of running with each opportunity to do so (Premack et al., 1964; Sherwin, 1998) . In addition, food restriction tends to increase running (Premack and Schaeffer, 1962) , and the animals in the present study were more food restricted than those in the above cited studies. If animals had been allowed to age further, a decrease in running would likely have occurred as noted in an earlier study in which the animals were allowed to run until they were 2 1 /2 years of age (Day et al., 2005) .
MeHg prevented the age-related increase in running in overnight sessions. It is noteworthy that running increased even as animals were experiencing diminished grip strength and somatosensory deficits. This suggests that some compensation for sensorimotor deficits occurred that enabled them to run. This is consistent with observations that running is a highly valued activity for laboratory housed rats (Belke and Wagner, 2005) .
The diminished running (relative to unexposed controls) observed among MeHg-exposed animals might be due to reduced endurance or elevated fatigue, but other possibilities can be noted. For example, it could be due to reduced bursts of running early in the session when the animal is first placed into the wheel rather than larger fatigue-induced decreases late in the session. Alternatively, it could also reflect diminished control by the photoperiod in exposed rats because a portion of the session occurred during the light period and another portion occurred during the dark period. Unfortunately, due to the nature of the equipment used, a time-course for running is not available, prohibiting us from distinguishing among these and other possibilities.
Neuropathology
Previous studies have shown mild functional abnormalities and normal morphological findings in the CNS of chronically MeHgexposed rats that show axonal degeneration in peripheral sensory nerves (Shigematsu et al., 2000a,b) . Skin biopsies enabled the evaluation of sensory nerve axon terminals in the present study. As these are the most remote part of the neuron from the cell body, they ought to be especially sensitive to insults against sensory neurons. Surprisingly, our results showed no difference between the MeHg group and controls. The presence of normal epidermal nerve fiber density in our study, even after nearly 7 months of exposure and detectable loss of sensory function, reveals remarkable resistance of these axons and their related small DRG neurons to MeHg toxicity. This finding is consistent with observations in a previous study (Schionning et al., 1998) . At the present, the biological substrates for this resistance are unclear, but it is reasonable to speculate that some molecular property intrinsic to small DRG neurons might play a role.
Langerhans cells were found in the epidermis of skin biopsies in the present study. A previous study suggests an increase of these cells during acute sensory nerve damages (Lin et al., 2001 ) and likely reflects a reactive change of these cells to dermal nerve injuries. However, this increase was not found in our rats exposed to MeHg. This discrepancy is not necessarily surprising since our skin biopsies were taken after 7 months of exposure. The reactive change of Langerhans cells may have faded away after the acute phase of MeHg toxicity.
Significant axonal degeneration was noted in the dorsal roots of the 5 ppm MeHg-exposed animals, and the sciatic nerves in these subjects showed a loss of myelinated nerve fibers. These findings are consistent with diminished response to tail-pressure observed in these exposed rats. Overall, axonal degeneration in dorsal roots, reflecting proximal damage, was milder than that in the sciatic nerves, reflecting more distal damage, suggesting a lengthdependent susceptibility to axonal degeneration.
In contrast to the sensitivity of the dorsal roots, the ventral roots' pathology was less severe. It has been reported that motor nerves are spared in cases of MeHg toxicity (Shigematsu et al., 2000a,b) , raising questions about how muscle atrophy (Uchino et al., 1995) and or other motor effects could occur. Our results suggest one explanation for the motor deficits caused by chronic MeHg exposure: perhaps pathological changes in motor fibers also represent a length-dependent process, in which disruption first appears distally in the sciatic nerve or at the neuromuscular junction (Candura et al., 1997) , and, only later, following continued exposure, in the more proximal ventral roots. Furthermore, atrophic motor axons may be dysfunctional prior to degeneration.
Taken together, morphological evaluation confirms previous reports of preferential damage to large sensory neurons or axons and provides evidence of peripheral motor nerve abnormalities that have not been described before. If motor nerve pathology takes a long time to develop, then this could explain why pathological changes in motor nerves were absent or unreported in previous studies (Shigematsu et al., 2000a,b) . The longest exposure duration from which pathology has been described is 90 days, which is much shorter than the duration of 16 months in the present study.
Performance of the neurobehavioral tests described here requires participation of sensorimotor pathways as well as CNSneurons, so these tests alone cannot distinguish abnormalities in the CNS from those in peripheral nerves. Some tendencies can be noted, however, grip reflects forelimb strength, but could also be influenced by sensory loss because gripping the grid used in this task requires proprioception. It should be noted, however, that grip strength testing was conducted only on animals that could grip the metal grid at the beginning of the task, so sufficient sensory function had to be in place for the test to be initiated (i.e., if there was sensory loss then it was only partial). The observation that most behavioral tasks involve multiple components of nervous system function does not affect our conclusions about motor or sensory dysfunction by the chronic exposure of MeHg or about protection by Se (see below).
It has been suggested that the hindlimb cross (HLC) characteristic of chronic MeHg exposure is due to pathology in the dorsal root ganglion (Wakabayashi et al., 1995) and, in fact, there was axonal degeneration and atrophic axons appearing in dorsal roots, while sciatic nerves showed a loss of myelinated nerve fibers. To determine whether loss of sensory nerves could result in HLC, sciatic nerve function was eliminated reversibly by lidocaine in normal animals. A lidocaine dose that eliminated a pinch response on the hind paws, eliminated sensitivity of the tail to applied pressure up to 2 kg, and produced a gait disturbance, did not produce the flexion response or HLC seen in the MeHg-exposed animals, suggesting that its cause lies elsewhere.
Se ameliorates some neurobehavioral signs of chronic MeHg exposure
The present study provided compelling evidence that long-term dietary Se ameliorated MeHg-induced deficits. Evidence for this beneficial effect is shown in every functional measurement as well as in overall survival. These results should alleviate concerns about the possibility that the long-term co-administration of Se and MeHg exacerbates neurological deficits by increasing deposition of Hg in neurons (Schionning et al., 1998) . This finding has direct public health implications, assuming model relevance, but does not imply that dietary Se can reverse or otherwise be used to treat patients exposed chronically to MeHg.
The pattern of Se-Hg interaction effects depended upon the daily Hg dose and the dependent variable examined. The most striking effects of Se lay in its substantial delay of the onset of flexion and hindlimb cross. Dietary Se in the high-normal range delayed the appearance of these signs by 1-4 months, as compared with Se in the low-normal range. While the effect was less dramatic, Se also moderated the effects of MeHg on grip strength, generally delaying MeHg-induced weakening of the forelimbs.
As noted above, Se produced an overall increase in running in overnight sessions. MeHg exposure attenuated this increase in a dose-related fashion. The evidence for this lies in the presence of statistical interactions of duration with both Se and MeHg. However, the absence of a significant MeHg Â Se Â duration interaction suggests that Se failed to confer protection from MeHg-induced decreases in running. Within each nutrition group, the pattern of MeHg effects was similar.
While it is clear that selenium is protective against MeHg neurotoxicity, quantifying the relative protection by specific Se intake presents a challenge. An interesting approach has been to relate neurotoxicity to the ratio of Hg to Se in the blood or brain (Ralston et al., 2008) , the diet, or to a ''Health Benefit Value,'' an index that incorporates the ratio and absolute contents of Hg and Se in the diet (Kaneko and Ralston, 2007; Ralston et al., 2008) . In those studies, the appearance of growth retardation and hindlimb cross in post-weaning rats on high MeHg diets (50-60 mmol/kg or 10-12 ppm in feed) depended on the concentration of Se in the diet and in the brain. The Health Benefit Value and Hg:Se ratios in brain or blood accounted for MeHg's neurotoxicity better than tissue content did, but the range of tissue concentrations examined was narrow since only one MeHg dose resulted in neurotoxicity.
A stronger test of hypotheses regarding Hg:Se ratios would be to examine several neurobehavioral endpoints, over a range of MeHg exposures, and durations long enough that signs associated with lower levels have time to appear, as done in the present study. Here, the concentration of MeHg in the diet was the most important determinant of neurotoxicity on all endpoints examined, but dietary selenium influenced the toxicity at a particular exposure level. Thus, the order of toxicity here was Low Se/15 ppm MeHg > High Se/15 ppm MeHg > Low Se/5 ppm MeHg > High Se/ 5 ppm MeHg. For the 0 and 0.5 ppm MeHg groups, only Se effects were detected in the present study. As noted in Table 1 , the order of toxicity predicted by strict dietary molar ratios would be different. Not noted in Table 1 is the prediction based on Health Benefit Values. That sequence would be would be Low Se/15 ppm MeHg > Low Se/5 ppm MeHg > High Se/15 ppm MeHg > 0.5 ppm ppm MeHg (both diets) > High Se/5 ppm MeHg > Low Se/0.5 ppm MeHg > High Se/0.5 ppm MeHg. Brain ratios are also likely to be important. As reported in Newland et al. (2006b) using a similar exposure regimen (without the 15 ppm MeHg group) drinking water concentration of MeHg was the major determinant of brain Hg, while dietary Se played a secondary role, similar to that noted in the present study of neurotoxicity. Taken together, the present report suggests that dietary selenium modulates the neurotoxicity associated with adult-onset MeHg exposure neurotoxicity on the endpoints studied here, but the most important influence on MeHg neurotoxicity is the dose of MeHg. The exact mechanism by which selenium confers protection cannot be ascertained from these data. This conclusion is restricted to chronic, adult-onset exposure. With developmental exposure, dietary Se had little influence over MeHg's neurotoxicity (Newland et al., 2008) .
Aging and Se
With normal aging, somatosensory thresholds became elevated and grip strength declined by about 20% over the course of the study (see Fig. 3 ), a magnitude similar to that seen in high-rate operant behavior (Newland and Rasmussen, 2000) . In contrast, running distance only increased in the unexposed animals. Interestingly, high dietary Se potentiated this age-related increase in running in all but the 15 ppm MeHg exposure groups. Unexposed animals on the High Se diet ran twice as far at the end of the study as at the beginning of the study and 60% further than animals on the Low Se diet. Even MeHg-exposed animals on the High Se diet showed age-related increases in running and did so as grip strength and somatosensory function declined.
The Se-induced increase in running in aging animals was unexpected and is novel. Its mechanism is unknown, but could be related to Se's antioxidant effects. Physical activity promotes the release of reactive oxygen species and thiol groups and dietary supplementation with Vitamin E and Se (Reddy et al., 1998) or dietary Se (Soares et al., 2003) attenuates this release and enhances exercise.
Concluding remarks
There appears to be a threshold above which MeHg produces overt neurological signs and below which they do not appear, even with prolonged exposure. This would be expected based on earlier observations of dose-related accumulation of Hg in the nervous system with chronic exposure (Day et al., 2005; Newland et al., 2006b ). This is not to say that there are no effects of the lowest exposure level of 0.5 ppm MeHg, only that none were detected with the tests used here.
Selenium, a nutrient found in many fish, has been hypothesized to confer protection against, or even prevent, MeHg's neurotoxicity. In a previous study, it was reported that dietary docosahexaenoic acid, another fish-borne nutrient, did not protect against the neurotoxicity of chronic MeHg (Day et al., 2005) , although it may have benefits of its own (Paletz et al., 2007) . Here, we report strong evidence that dietary Se delays the appearance of selected neurological signs of long-term, adult-onset MeHg exposure. In addition, benefits of long-term consumption of Se were seen in unexposed animals, especially as they approached old age, suggesting that this nutrient may confer some protection against aging as well.
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